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ABSTRACT 

I n  t h e  c a l c u l a t i o n  of impulsive v e l o c i t y  requirements  
f o r  i n t e r o r b i t a l  t r a n s f e r  it i s  g e n e r a l l y  i n s u f f i c i e n t  t o  cons ide r  
a l t i t u d e  and i n c l i n a t i o n  d i f f e r e n c e s  only.  The r e l a t i v e  l o c a t i o n  
of t h e  ascending nodes of the t w o  o rb i t s  i s  shown t o  be a dominant 
e f f e c t  i n  t h e  c a l c u l a t i o n  of these v e l o c i t i e s .  As an extreme 
example, t h e  t r a n s f e r  v e l o c i t y  between t w o  p o l a r  o r b i t s  of l o w  
a l t i t u d e  can have a va lue  between ze ro  and 50 ,000  fps .  Thus it 
i s  i n c o r r e c t  t o  cons ider  t w o  o r b i t s  of equa l  i n c l i n a t i o n  a s  
n e c e s s a r i l y  coplanar .  

A second cons ide ra t ion  i s  t h e  d i f f e r e n t i a l  ra te  of nodal  
r e g r e s s i o n  between t w o  o r b i t s ,  due t o  earth ob la t eness .  T h i s  
causes  t h e  values  of t h e  r equ i r ed  t r a n s f e r  v e l o c i t i e s  t o  osc i l la te  
wi th  t i m e ,  t h e  frequency and amplitude of these o s c i l l a t i o n s  de- 
pending on the o r b i t  combination. A consequence of t h i s  i s  t h a t  
a s a t e l l i t e  which i s  n o t  i n  e s s e n t i a l l y  t h e  same o r b i t  as t h e  space  
s t a t i o n  w i l l  be  a c c e s s i b l e  from t h e  space s t a t i o n  only a t  s p e c i f i e d  
i n t e r v a l s .  

To i l l u s t r a t e  these t w o  effects, c i r c u l a r  o r b i t s  are 
chosen f o r  three space s t a t i o n s  and t w o  classes of sa te l l i tes .  
The space  s t a t i o n  o r b i t s  are 250 nm high a t  55', 75' and 90'. 
The s a t e l l i t e  o r b i t s  are chose:: as sun-synchronous (800 nm a t  
102O) - r e p r e s e n t a t i v e  of meteorology and other  earth a p p l i c a t i o n  
sa te l l i t es  - and l o w  i n c l i n a t i o n  ( 4 0 0  nm a t  35') - r e p r e s e n t a t i v e  
of some astronomy s a t e l l i t e s .  

Minimum AV requirements ( those determined by cons ide r ing  
i n c l i n a t i o n  d i f f e r e n c e s  a lone)  are shown t o  be t o o  r e s t r i c t i v e .  
Higher v e l o c i t i e s  are shown t o  be more r e p r e s e n t a t i v e  of i n t e r -  
o r b i t a l  maneuvers 

* 
when t h e  desired frequency and d u r a t i o n  of  
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I n t r o d u c t i o n  

One factor which has r ece ived  l i t t l e  a t t e n t i o n  i n  
d i s c u s s i o n s  of i n t e r o r b i t a l  t r a n s f e r  v e l o c i t i e s  i s  t h e  e f f e c t  
of the  ascending nodes* of t h e  two o r b i t s .  A s  an example, t h e  
t r a n s f e r  v e l o c i t y  between two p o l a r ,  l o w  a l t i t u d e  orb i t s  could 
have any va lue  between ze ro  and 50,000 f p s ,  depending on t h e  
re la t ive o r i e n t a t i o n  of t h e  t w o  o r b i t a l  plaxes. 

I t  i s  thus  n o t  s u f f i c i e n t  t o  cons ider  i n c l i n a t i o n  
d i f f e r e n c e s  a lone  (see Reference  1, s e c t i o n  1 1 1 . 2 ) .  The 
a c t u a l  t r a n s f e r  angle  ( a )  between t w o  o r b i t s  of i n c l i n a t i o n  
i and i, and whose ascending nodes are sepa ra t ed  by an angle  
A Q ,  i s  given by 
0 

cos a = cos i cos i + s i n  i s i n  i cos A Q  
0 0 

as is  i l l u s t r a t e d  on Figure 1. 

Figure 2 shows examples sf +*---L----- L w u  U U L I I  velocities for 
noncoplanar t r a n s f e r * *  t o  o r b i t s  of l o w  t o  medium a l t i t u d e  
f r o m  space s t a t i o n  o r b i t s  a t  55O and 9 0 ° .  These curves show 
t h a t  a l t i t u d e  change consumes a very s m a l l  p o r t i o n  of t h e  
t o t a l  energy r equ i r ed ,  whereas i n c l i n a t i o n  change and node 
s e p a r a t i o n  are major effects  of equa l  importance. N o t e  t h a t  

*The ascending node is  t h a t  p o i n t  on t h e  e q u a t o r i a l  
p l ane  where t h e  sa te l l i t e  crosses from t h e  southern  t o  the  
no r the rn  hemisphere. 

**A Hohmann t r a n s f e r  between t w o  c i r c u l a r  o r b i t s  where 
t h e  p l ane  change i s  accomplished by adding an appropr i a t e  out-  
of-plane component t o  t h e  apogee impulse ( fo r  de t a i l s  see Appendix 
and Figure  6 of Reference 2 ) .  
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t r a n s f e r i n g  between t w o  55' o r b i t s  whose ascending nodes are 
s e p a r a t e d  by only 40'  r equ i r e s  as much p r o p e l l a n t  as t r a n s f e r i n g  
between a 55' and a 23' o r b i t  w i t h  c o i n c i d e n t  nodes. 

E f f e c t  of Nodal Regression 

The node s e p a r a t i o n  between t w o  o r b i t s  g e n e r a l l y  
changes wi th  t i m e .  
causes  t h e  ascending node of an o r b i t  t o  move a t  a ra te  depending 
on t h e  s i z e ,  shape and i n c l i n a t i o n  of the o r b i t  (see Referent? 3 ) .  
For c i r c u l a r  o r b i t s  of r ad ius  r and i n c l i n a t i o n  i t h i s  rate (0) 
may be c a l c u l a t e d  from 

The nonspher ic i ty  of t h e  e a r t h  e s s e n t i a l l y  

n = - -  2 J2 d 2 '  ( R / r ) 7 / 2  cos i 

- 3  where J2 = 1 . 0 8 2 3  x 10 

7 

(an  ob la t eness  parameter f o r  earth) 
3 l.~ = 1.40766 x 10l6 f t  /sec2 ( g r a v i t a t i o n  parameter f o r  e a r t h )  

R = 2 , 0 9 2 5  x 10  f t  = 3442 nm (mean r a d i u s  of e a r t h ) .  

T h i s  r e l a t i o n s h i p  is shown on F igu re  3 f o r  o rb i t s  of va r ious  
a l t i t u d e  h. The nodes of o r b i t s  of i n c l i n a t i o n  less than  90' 
move w e s t w a r d  ( r eg res s ion )  and those  of i n c l i n a t i o n  g r e a t e r  than 
9 0 °  move eastward (progression)  . Polar o rb i t s  have e s s e n t i a l l y  
s t a t i o n a r y  nodes. 

I t  i s  apparent  tha t  o rb i t s  of d i f f e r e n t  a l t i t u d e  and 
i n c l i n a t i o n  w i l l  have d i f f e r e n t  r eg res s ion  rates and thus  t h e r e  
w i l l  be a r e l a t i v e  m c t i m  Set.i;eeri t h e i r  ascending r-odes. This  
will make the  t r a n s f e r  velocit ies between t w o  o r b i t s  vary wi th  
t i m e .  

T i m e  V a r i a t i o n  of Veloci ty  Requirements 

of 250 nm a l t i t u d e  were chosen, a t  i n c l i n a t i o n s  of 55',  75' and 
90'.  One way t r a n s f e r  v e l o c i t i e s  f r o m  these t o  a sun-synchronous 
o r b i t  (800  nm, 102') and t o  a l o w  i n c l i n a t i o n  o r b i t  (400 nm, 35O) 
are shown on Figures  4 and 5 ,  The sun-synchronous o r b i t  is  
t y p i c a l  of meteorology and other e a r t h  a p p l i c a t i o n s  satel l i tes ,  
and the  l o w  i n c l i n a t i o n  o r b i t  r e p r e s e n t s  some astronomy satellites. 
The reasons  f o r  choosing such o r b i t s  f o r  these a p p l i c a t i o n s  are 
d i scussed  i n  t h e  Appendix of Reference 1, 

For i l l u s t r a t i v e  purposes three space s t a t i o n  o r b i t s  
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The t r a n s f e r  v e l o c i t y  between a p o l a r  and a sun- 
synchronous o r b i t  can vary between 6,000 f p s  and 47,000 f p s  
(F igure  4) depending on t h e  r e l a t i v e  p o s i t i o n  of t h e  nodes. 
S ince  a sun-synchronous o r b i t  (by d e f i n i t i o n )  p rogres ses  a t  
one degree p e r  day, and a p o l a r  o r b i t  i s  s t a t i o n a r y ,  the  ascen- 
d ing  nodes of t h e  t w o  o r b i t s  w i l l  co inc ide  once a yea r ,  t hus  
p r e s e n t i n g  a minimum-AV oppor tuni ty  only once a yea r .  On t h e  
o ther  hand a 250 nm, 55O o r b i t  r e g r e s s e s  a t  4.5 degrees  p e r  
day (F igure  3)  presen t ing  between f ive  and s i x  minimum-AV 
o p p o r t u n i t i e s  each yea r  f o r  v i s i t i n g  a sun-synchronous satel-  
l i t e .  Such r e l a t i o n s h i p s  between minimum v e l o c i t y  and frequency 
of o p p o r t u n i t i e s  have been synopsized on Figure  6 fo r  t h e  s i x  
cases considered. 

Some Observations 

I t  i s  apparent  f r o m  F igures  4 and 5 t h a t ,  depending 
on the  length  of s t a y  i n  t h e  v i s i t e d  o r b i t ,  t h e  r e t u r n  v e l o c i t y  
requirement w i l l  gene ra l ly  be d i f f e r e n t  from t h e  out-going 
v e l o c i t y  requirement. For example, t r a n s f e r i n g  t o  a sun-synchron- 
ouq o r b i t  from a 55' space  s t a t i o n  (Figure 4) a t  a minimum-AV 
oppor tun i ty  r e q u i r e s  19,200 fps .  Returning t e n  days l a t e r  
r e q u i r e s  27,200 f p s ,  making a round t r ip  requirement of 46,400 
f p s .  However, l eav ing  f i v e  days be fo re  and r e t u r n i n g  f i v e  days 
a f t e r  a minimum-AV oppor tuni ty  s t i l l  allows t e n  days s t ay t ime  
b u t  t h e  round t r ip  requirement is  now 43,200 fps .  S i m i l a r  t r ade -  
o f f s  between oneway AV requirements and d e s i r e d  d u r a t i o n  of 
oppor tun i ty  are shown on Figure 7. 

Although t h e  o r b i t  r eg res s ion  due t o  ob la t eness  causes  
t r a n s f e r  v e l o c i t y  requirements t o  o sc i l l a t e  betweel l  t h e  extremes 
shown on Figures  4 and 5, it i s  a l s o  t h i s  same o s c i l l a t i o n  which 
p e r i o d i c a l l y  b r ings  about a minimum-AV oppor tuni ty .  With planning,  
therefore, t h i s  d i f f e r e n t i a l  r eg res s ion  ra te  can be q u i t e  advanta- 
geous. 

F i n a l l y ,  it should be noted t h a t  phasing maneuvers upon 
a r r i v a l  a t  t h e  s a t e l l i t e  o rb i t  o r  upon r e t u r n  i n t o  t h e  space 
s t a t i o n  o r b i t  are n o t  considered here. T h e  v e l o c i t y  c a l c u l a t i o n s  
are based on t h e  assumption t h a t  t h e  target  vehicle i s  "there" 
upon a r r i v a l .  For example, i t  is shown i n  Reference 2 t h a t  
phasing i n  geosynchronous o r b i t  can r e q u i r e  up t o  4,500 f p s .  
s i m i l a r l y ,  phasing i n  a l o w  a l t i t u d e  c i r c u l a r  o r b i t  can r e q u i r e  
up t o  11,500 fps .  These values  correspond t o  t h e  extreme case 
of i n - o r b i t  phasing of 180' w i t h  a s i n g l e  r evo lu t ion  on a phasing 
e l l i p s e ,  and la ter  r e t u r n i n g  t o  t h e  o r i g i n a l  p o s i t i o n  i n  t h e  o rb i t .  
By us ing  phasing e l l i p s e s  fo r  more than  one r evo lu t ion  these v e l o c i t y  
requirements  can be reduced, as i s  f u r t h e r  shown i n  Reference 2. 
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Since  c i r c u l a r  o r b i t s  of d i f f e r e n t  a l t i t u d e  have 
d i f f e r e n t  pe r iods ,  phasing could a l s o  be accomplished by 
w a i t i n g  an a p p r o p r i a t e  length  of t i m e  i n  t h e  i n i t i a l  o r b i t  
be fo re  d e p a r t i n g  on t h e  t r a n s f e r  e l l i p s e .  Such wa i t ing ,  
however, could a l s o  i n c r e a s e  t h e  p lane  change requirements  
as i s  shown i n  t h i s  memorandum. Therefore  phasing has  t o  be 
considered f o r  s p e c i f i c  missions and t h e  a d d i t i o n a l  v e l o c i t y  
requirements  can be obta ined  from Reference 2 .  

1 0  13-HBB-k le  

Ref ere n ce s 
Figures  1-7 

#rLL 
H.  B.  Bosch 
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AT 250NM AND 800 NM WHICH ARE ACCESSIBLE FROM TWO SPACE 
STATION ORBITS BY TWO-BURN TRANSFER MANEUVERS 
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